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ABSTRACT

The polarization of light scattered by the surfatea material contains information that can be used
identify the sources of that scatter. In this pafiest order vector perturbation theory for liggtattering from
interfacial roughness of a dielectric layer is eswd. In addition, methods for calculating thek8sovector
for scatter from multiple sources and for decompgsa Stokes vector into contributions from two non-
depolarizing scattering sources are provided. Tdlarjzation of light scattered from interfacial ghness
depends upon the relative roughness of the twofattes and the degree of phase correlation bettieetwo
interfaces. Experimental results are presentedtifare cases: a nominally conformal film, a nontinal
anticonformal film, and a lateral offset roughnébs. The method works well for the nearly confahfilm.
Difficulties that arise for the other two cases distussed.
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1. INTRODUCTION

Measurements of the polarization of scattered ligah enable the distinction amongst different eciai
mechanisms for the case of a single interfdc@hen light is directed onto a surface at an olaiqumgle with the
electric field linearly polarized in the plane eicidence [§-polarized), boundary conditions force the directaf the
electric field to differ on each side of the inté&. The electric field just above the surfacenge normal to the
surface, while the electric field below the surfasemore parallel to the surface. For exampleth@ Rayleigh
approximation, a very small sphere will polarizeairdirection parallel to the applied electric fieldd radiate as if it
were an antenna in that direction. Furthermoretigg@s above the surface sense a field that variedirection,
amplitude, and phase with distance from the surfaBeattering by small amounts of roughness behakesal
combination of the two: dipoles are induced by éfectric field above the surface, and they radiaien below the
surface (or vice versad)For many incident-viewing geometries and incideslarizations, the scattered polarization is a
signature of the scattering mechanisi.

In many cases, particle and defect detection ofases is hampered by the presence of surface resghn
Understanding the sources of background signallesdabe design of instrumentation that minimizes signal from
such sources. Since the polarization from singlerface micro-roughness is defined by the geometiy the optical
constants of the material and not the roughnessium a device that collects light over most @& tiemisphere, yet is
blind to micro-roughness, can be bdiuch a device can substantially improve the seitgifor detecting particles
and defects on rough surfaces. However, succeapfilication of this technique for the inspectionnaditerials with
dielectric §Iayers requires knowledge of the pokitn of scattering from different sources, inchgliinterfacial
roughness.

Previous work on single interfaces raises questansut whether polarized light scattering techngqean be
applied to characterize roughness in dielectrictitayers! Such layers are interesting technologically, ke tare
found ubiquitously in optics, microelectronics, @alatorage media, and information display systeimghis manuscript,
we review the theory for light scattering from ndeoughness of the interfaces of a single dieledayer and explore
an application of that theory. Next, we discugsdbattering from two sources (i.e. roughness dof @i two interfaces)
and describe how polarized light scattering enablemtification of the morphology of these two diffnt scattering
sources. Finally, this theory is applied to expemtal data from three different samples, the fatéal topography of
which was chosen to challenge the limits of thehoet



In Sec. 2, we describe a theoretical treatmensdattering from rough surfaces. Included in Ses.& method for
treating multiple sources that maintains all théapmetric information, and a method for decompgsen measured
polarization state into the sum of two differenthratepolarizing scattering sources. In Sec. 3, p@yathe theory to a
specific system consisting of a 52 nm gifayer grown on silicon, and we compare the moddtudations to
experimental data. Finally, in Sec.4 the workummarized and conclusions will be drawn.
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Figure 1. (left) Schematic diagram showing the global scaite geometry and the various angles and vectors
discussed in the text. (right) Schematic diagraoweng a thin film with rough interfaces.

2. THEORY
2.1.General considerations

Figure 1 shows schematic diagrams of the scatteggmmetry and the sample topography. Here, planee wa
polarized light of wavelengthl irradiates the surface at an incident anfjlén the plane defined by unit vectofsand

Z. We are interested in determining the Jones celMiumatrix for scattering into a direction defihey a polar angle
6. and an azimuthal (out-of-plane) angje. Unit vectorsl2i and |2, describe the propagation-directions of the
incident and scattered light, respectively. Theapmhtion of the incident electric field is deseatibby the components
of the electric field along thé& and P, directions, where§ is a unit vector perpendicular to bok) and z, and

p, =k x§ . Likewise, the polarization of the electric fiektattered into a particular direction is descritmd
components along thg and p, unit vectors, defined in an analogous mannes aand p, . We say that light ig-
polarized §-polarized) when it is polarized with its electfield parallel top (5). Throughout this discussion, we omit
the exp(-iat) time dependence for all fields.

The scattering (Jones) matr$ is defined as the relationship between the indided scattered fields:

EX™) _exp(kR)( S Ss)(E”
[ scat - R Ss inc | (1)
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whereR is the distance between the scattering sourdeetalétector, andk = 72 A . The intensity relationship can be
expressed using the Stokes-Mueller representatianhe bidirectional reflectance distribution ftioa (BRDF) F, ,

do, =F @, coy d2, 2

where @, is the incident Stokes power vecta®, is the differential scattered Stokes power vecod dQ is the
differential solid angle. Theosd, factor is customary in the definition of the BRB¥.The Mueller matrixF, can be
derived from the Jones mati$using



F. =M(S)/(Acosg cod |, 3)

where A is the illuminated area on the sample avi{S) represents the Jones to Mueller transformatiomdoin
numerous places in the literatdre.

A Stokes vector power® , is characterized by each of its elemeds(j = 0,1,2,3). For our application, it is
convenient to signify the polarization state throute principal angle of the polarization ellipsg, and various

degrees of polarization. The principal anglds given by
n =arctanf, ®, )/z, 4

where the two argumenarctan@ b takes into account in which quadrant the pofatb) lies. The angley is
measured counterclockwise frogn along the incident direction. The total degrepalfrization is

P=(®+0, +® )"/, (5)
and the degree of circular polarization is
P.=d,/d,. (6)

Depolarization P < 1) results from a polarization state that var@ther in time or in space. The parametéxs 77,
P., and P completely describe the polarization and intensftyhe light. The use of these parameters ovefStokes
parameters follows from the work on single integfc In such caseB,= 1 andP¢: = 0, so thay serves to indicate the

scattering mechanism. However, it should be ntivedl these parameters do not behave linearly,uacdrtainties
scale with respect to their magnitude. For examphenP: = 1 or —1, the value af is not well-defined.

In the following subsections, we consider scattgffitom interfacial micro-roughness (Sec. 2.2.)pérticular, we
will present formalisms for summing two scattersmurces and for decomposing a Stokes vector it@thplitudes
and correlation function of two scattering sour(®sc. 2.3.).

2.2.First order vector perturbation theory

Figure 1 (right) shows a cross section of the diele film and defines the indices of refractionp and n,, the
thickness 7, and the surface height functiondz, and Az,. Generally, first-order vector perturbation theor
successfully describes the intensity and polaopatif light scattered by small amounts of roughrigs this model,
zero-order (“unperturbed’Az, = 0 and Az, = 0) fields are determined from the standard amalgEreflection from a
dielectric film. The calculation consists of a fiwder expansion of both the electric and magrfetlds on both sides
of each interface of the local surface normal hie surface height functionAz (x y), about its mean. The
requirement that the tangential electric and magrfitlds be continuous across the boundary leadationships
between zero-order and first-order fields. Givieis,tthe theory self-consistently handles the rpldtreflections that
occur for both orders of the field. However, sitbhis model assumes that the film thickness is temtsit does not
account for long-range non-conformal roughness,ciwtdan exhibit substantial variation in local filthickness.
Accordingly, in order for the theory to be validpdulations of the surface height functiods; (% y) , must be much
less than the wavelengtii,, and the surface slope must be much less thay unit

Elson described the solution to first-order vegerturbation theory for scattering from interfaaiaicro-roughness
in a dielectric stack®™® Since Ref. 12 thoroughly describes this calcofgtive will not repeat it here. However, for
our discussion it is useful to present the lessegdrsolutions for roughness of each interface sfngle dielectric

overlayer (three-phase model), which can be simgli€onsiderably. For the buried interface (1), gsbattering matrix
elements are given by

SV =(4/m)(n* - nY)expli( G+ ¢~ &- @7l & g KA Za) &, 7)

(u,v=s, p) where



P =-nq,q,(n’ kk= 5 q gcosp)/C I ), (8a)

s =0, ka, 4, gsing, /([ T ), (8b)
s =0, kd, G, ,sing, /(T [ ), (8c)
s =-K'q,q,c080, IC J ), (8d)
o =N ' Gss= F G0 (9a)
My =FS .- Fg 0, (9b)

FS =1 KPq,, - 0K g, (10a)
FS) =KPa,, - K g, (10Db)
K$) =exp(2,,r )+ 1, (11)

Oy = k(q2 —-sin?8,)"?, andk, = ksing, (B=iorrand = 1 or 2). The Fourier transform of the roughnefsthe m-th
interface is given by

0Z,,()= AV?[ dr Bz,¢)expli D1, (12)
where Az, (r) is the surface height function of theth layer about its mean value, and the integraisocarried out

over the irradiated are& The power spectral density (PSD) functior<|iﬁZm(q)|2>, averaged over an ensemble of

realizations. The vectay is the 2-d surface wavevector, related to thetesgaty directions by

q, =k cosp -k, (13a)
g, =k sing. (13b)

For the exposed interface (2), the scattering matéments are given by
§2 =@Wm(n’ -1 g, explic - )] A% 2() &, (14)

where

S0 = (KK BV B~ ¢ 6, B B2 cosp) /0 ), (153)
s = —ka, By B sing /(T T ), (15b)
2 =—kq, 7 R sing, (T T ), (15c)
$9 =R Fcosp, I T ). (15

The scattering matrix elements in Eqgs. (7) and @€pend upon the surface height functions of tlspaetive
interfaces, but only as a common multiplicativeduct. That is, the surface-height functions aftbet intensity, but
not the polarization of the scattered light. There, to first order, the scattering from a singlegh interface will not
depolarize light. Furthermore, the fields resgjtirom the scattering of each interface are inddpehof each other.
An implementation of the theory described in thést®n is found in the&CATMECH C++ scattering code library,as
Two_Face_BRDF_MoDEL.



2.3.Decomposition of a Stokes vector into contributionfrom two non-depolarizing sources

Suppose that we have two, and only two, sourceligbf, that we can calculate the Jones vectdisand J,,
resulting from each source, and that they are iadégent. The sum of the two Jones vectors can liewas

Jot =K1 T K, (16)

where «; and «x, are complex scaling factors and are random vasatilo lowest order in the surface height function,

micro-roughness of two interfaces of a dielectifit satisfies these requirements, and a prescrigtio determiningl;
andJ, is found in Sec. 2.2. That is, in the case of thim micro-roughness); andJ, can be written so that, = AZ,

and kx, =AZ,. After some algebra, the mean Stokes vectovisngby

Suo = () 9+ 1) (o L) 4] )+

(17a)

Re(k, ) 2Re), 0.0+ 2R, 3.0)+ Ik, )( 21mi a0+ 2imd,, d,) :

So[,l = <|K1|2>(| ‘]Js|2 _| J1p|2) +<|K212> (| ‘]&|2_| ‘]2p|2) + (17b)
Re(k, ) 2Re1, 0,0 - 2R, 0,0)+ It ) 21mi, 30— 2img,, 3,,)

Suz = () (2Re 3, 37)+ (I ) 2Red,, 3) + 7o
Re(ky, ) 2Re,,9,7+ 2R, I,))+ It ;)( 2imi, a0+ 21md,dy,)

Swa = () (21m 3, 37) + ([ ) (21m 3, 2,7) + )

Re(ky, ) 21mdy,0,7= 213, 3, + Im{k ) ( 2Red, 3,0~ 2Rl 3,

If J, andJ, are linearly independent (that i, J,”#0), Eq. (17) can be solved f(%f/(l|2> , <|K2|2> , Re<K1KZD>, and

Im</(1/(f> . We define a relative scaling factor

x=((bel')/ (o))

and a phase correlation function

o= e (b ) e 1))

The parameterg andC,, determine the polarization state of the scattéigdd, while <|/(1|2> or <|K2|2> determine the

intensity. By applying Eq. (17), we can readilyatdate the Stokes vector BRDF for scattering friwe surfaces of a
dielectric film. Indeed, this approach can be aplio a wide range of surface relationships inclgdéorrelated

roughness C,, =1), uncorrelated €, =0) and partially correlated0(< |C12| <1) roughness, or even anti-correlated
(C, =-1) film surfaces. Cases of equak €1) and unequal § #1) roughness amplitudes can also be considered.
Likewise, given a measured Stokes vector, we cgerméne y andCi,.

3. EXPERIMENT
Measurements were performed using the Goniometpiic&l Scatter Instrument (GOSI) at NI$T® GOSI is a

laser-based angle-resolved scattering system havinigh angular resolution, wide dynamic rangel, fiolarimetric
capability, and the ability to measure scatteringaf the plane of incidence. Measurements perfdrfoethis study by



GOSI used either a HeNe lasar£ 632.8 nm) or a doubled Nd:YAG laser £ 532 nm). Measurement geometries
involved either a fixed incident ang® while scanning the scattering andgfein the plane of incidence, or a fixed
incident and scattering anglg € &), while scanningg out of the plane of incidence. The instrumentaipable of full
Mueller matrix measurements. However, only measerdgs of the Stokes vector were performed, usifigirBdent
polarization for in plane measurements, or usinguing incident polarization statg =45°+¢ /2 for the out-of-
plane measurements. Both incident polarizatioreses yield a high degree of discrimination betwseattering
sources. The intensity and polarization of thetsoadl light is characterized by the polarizatioeraged bidirectional
reflectance distribution function (BRDH), the principal angle of the polarizatiopn(measured counterclockwise from
s-polarization when looking into the direction abpagation), the degree of circular polarizati®g, and the total
degree of polarizatiork.

A full uncertainty analysis has not been compldtadthese measurements. However, experience stimtighe
uncertainties are dominated by statistical noisthendata, which arises from both electronic naisd from speckle
noise; these can be estimated by apparent poimitd-fluctuations in the data. Systematic undetis are typically
much less than these fluctuations.

4. EXAMPLES

In this section we describe measurements on tlataéchted model film systems, schematically illastd in Fig. 2.
These specimens represent extremes that delirteatetitity of light scattering for measuring suamughness. In
Secs. 4.1, 4.2, and 4.3, respectively, we discessarements on:

» a nearlyconformalSiO, layer grown on topographically structured silicubstrate,

» ananticonformalblock copolymer film deposited on a silicon suatdridentical to that of the first case,

» asample fabricated to have a low profile patterrone interface, and an identical, taterally offsef pattern

on the other interface.
While the first (conformal) specimen illustratesase where our analysis approach worked very tnal second two
samples present significant challenges to the ndetho
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Figure 2. Schematic of the three samples: (a) the confoBi@ layer on silicon, (b) the anticonformal PS-POMA
diblock copolymer on silicon, and (c) the laterffset pattern. The labels in (b) refer to the déston in the text.
The arrows in (c) indicate the lateral offset dis&Ax.

4.1.Nearly conformal roughness

The first sample consisted of a 52 nm Sfiln thermally grown on a photolithographicallygauced micro-rough
silicon surface. The micro-rough substrate condisfea pseudorandom distribution of shallow circydés (8 nm deep)
having nominal diameters of 1.31 pm and 1.76°fifthis system was intended to exhibit conformal tmess, at least
for small spatial frequencies. Fig. 2(a) showslematic cross-section of this system.



Measurements were performed in the out-of-plandigomration with § = § = 68°, using the variable incident
polarization scheme amtl= 532 nm. The results of these measurementsharensin Fig. 3 on the left. Included with
the scattering polarimetric data are calculatedeasicorresponding to four conditions: equal andetated roughness,
equal but uncorrelated roughness, and roughnesaabf of the two interfaces alone. As illustratedcbynparing the
data to the model curves, at small anglgs<(15°), the system behaves like the equal roughnase, but at larger
scattering angles the results deviate significaintdyn this model. Using the method outlined in S28, the roughness
PSD of each interface, the relative roughness@two interfaces, and the degree of correlatiorevdetermined from
the date Figure 3 shows the results of this analysis. iide&ated uncertainties represent single standeviations of
the extracted results propagated from the spreagveral measurements made at each point. Thesetainties do
not represent all of the systematic sources of ti@icy that might exist. The results show tlyat 1 andC,, ~ 1 for
most spatial frequencies, consistent with the sherohg of the growth (i.e. buried) interface. Ferthialidation of the
method was achieved by performing the measurera¢mtsiltiple wavelengths and incident andfes.
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Figure 3. Results of measurements and analysis on the @ppately conformal Si@layer on silicon. The curves
show the theoretical predictions for (solid) buriederface roughness, (long dash) exposed interfaoghness,
(short dash) equal and correlated roughness, asth @t) equal but uncorrelated roughness.

In addition to the smoothening of the buried irded, another feature was observed in the extraesedts. There is
a small, yet reproducible, feature jnat a spatial frequency of about 0.7 imThis wiggle, which corresponds to a
relative roughness change of less than 4 %, redutsa the buried interface pits being slightly largthan the
corresponding exposed interface pit (see Fig. Bg gower spectrum of circular pits of diamddgrdeptht, and surface
densityp, is given by

<|AZ(q)|2> = p[tDJ, (qD/2) I(2q)F . (18)

A change in the width of a pit relative to the esponding feature on the other interface causespial frequencies
at which the surface roughness is zero to shitjltieg in the derivative-like feature. A similferature can be observed
near a spatial frequency of 2.7 ffrin the two power spectra. The local minimum ocatrslightly different spatial



frequencies. These results are entirely consistithtthe isotropic growth of Si€on silicon. Indeed, these findings are
a testament to the sensitivity that the technicagth measuring small changes in relative surfagghmess.

4.2. Anticonformal roughness

An interesting case of thin film surface roughnissthe case of anticonformal roughness, wherexpesed surface
undulates exactly out of phase with the buriedrfate. For this study, we fabricated an anticamfarsystem on a
pitted SiQ substrate (as in Sec. 4.1) using diblock copolymehéch consist of two polymer chains (blocks) dewdly
bound at one end. If the constituent chainsramiscible, diblock copolymers self assemble intoaianetric domains
with a regular periodicityl; volume-symmetric species exhibit a lamellar motifi thin films, preferential wetting of
one or the other block at the film interfaces gafemresults in surface-parallel layered structifes=or symmetric
wetting systems (same block found at the substnatiefree surface), stable conformal films are fatrmden the film
thickness accommodates an integral number of micnaéh periods. When the film thicknedy {s incommensurate
with L, the free surface of the film bifurcates into eéktructures that alein height. The amount and morphology of
this "incomplete" layer depends upon the magnitofdthe mismatch betwedmand the closest stable film condition
(h=mL, with m an integer). We harness these surface relieftsites to form an anticonformal film. Heteis chosen
such that f—mL)/mLequals the fractional area of pits on the subsstfet5%). This, in conjunction with the fact that
the pits nucleate surface relief structufeesults in the formation of round islands thatosier the pits and that have
diameters roughly equal to the underlying pits -aaticonformal film. Our anticonformal specimenswealized using
a volume symmetric Polystyrene-b-Polyoctylmethaatey|(PS-b-POMA) diblock copolymer with relative macllar
massM, = 47K Daltons andl = 23 nm. While the indices are slightly differ¢nts= 1.59 versusipoma=1.48], they are
sufficiently close to ignore in this study. Inrfif on SiQ, POMA resides at both the exposed and substragdanes,
resulting in surface-parallel lamellae with thddeling structure:

SiO, | POMA — PS | PS — POMA | ... | POMA — PS | P®IMR | Air

Thin films of PS-b-POMA were deposited from toluesmdution onto pitted substrates via spin-castiAgjustment of
the spin-speed enabled films that were approximaleld. thick. Annealing at 130C for 2 hours induced self-
assembly and the formation of anticonformal stmesuas verified by atomic force microscopy (AFMJhe film
thickness over most of the sample was 46 nh), (@hile that above the pits was 69 nniL.X3 A schematic of the
nominal sample is shown in Fig. 2(b). As shownhis diagram, there is a small amount of matespélover (in the
lateral direction) around the pits about 170 nmewid

Measurements were performed in the out-of-plandigomation with § = § = 60°, using the variable incident
polarization scheme andl = 532 nm. The results are shown in Fig. 4 on #fe The data shows significantly more
structure than that observed in Fig. 3. For examplere are dips in the degree of polarizatioangtes where there is
structure in the intensity. Figure 4 also showsrtegghness PSD of each interface, the relativelmoegs of the two
interfaces, and the degree of correlation extraftech the data using the method outlined in Se. 2Using the
nominal dimensions given above, and using the pegectrum given in Eq. (18), we estimate theserpeters, which
are included in Fig. 4. In making the estimates,imcreased the dimension of all radii by 0.1 ponthait the locations
of features better matched those seen in the erpatal results.

Agreement between the experimentally determinethsarstatistics and that predicted by the simpleehis very
good in certain respects. The modeled relative linags,x, and the correlation function exhibit oscillationdth
magnitudes similar to those of the observed ddtiae calculated and measured power spectra of ttieces behave
similarly, although there is a large offset betwabha model and the data. These similarities allmsvto make
conclusions about the origin of features that ae# weproduced by the model. The basic correspucelef the shape
of the power spectral densities suggests that amatetreasonably approximates the surface topographg reduction
of correlation between the two surfaces (for examat 0.6 puit and 1.1 pr) results from the significant spillover of
the exposed surface features. When viewing tifacaiat a spatial frequency where one specifiopihound yields a
vanishing power spectral density [see Eq. (188,gbwer spectral density of the corresponding feaabove or below
it is far from vanishing. For example, at spafraquencies where the scattering by feature Align Fvanishes, the
scattering by feature A2 does not. However, feafd? lacks any correlation with feature B1. Theref when the
scattering from feature Al vanishes, there willabpartial lack of correlation between the top anttdm interfaces.
This lack of correlation between the interfacessexdespite the deterministic nature of the surfapegraphy. At



spatial frequencies higher than those modeled abdupm®), correlation is expected to diminish, as is obsérin
Fig. 4, since there is likely significant variationthe spillover distance.
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Figure 4. Results of measurements and analysis on the xppately anticonformal diblock copolymer layer on
silicon. The curves shown with the derived surfsteistics are those predicted by the surface hdmteribed in the
text.

In other aspects, agreement between the experiliyeditermined surface statistics and that predidig the
simple model are comparatively poor. Most trouplis the disagreement observed in the phase otdhelation
parametelCy,, which the model predicts should be real. Thiagghresults from the significant vertical heighttloeé
surface topography, which results in significantiatgon of the film thickness. The total changettoé film thickness
above the pits of the silicon interface is appradety 23 nm, which is large in ellipsometric terribat is, the phase
resulting from this height difference is substdngiaough that it cannot be accommodated by thelsitf@ory. An
estimate of the phase change that would occura@sedh a change in the film thickness, given thikeinof the layer,
the wavelength, and the incident and scatterindeangs approximately 60°, close to that observetbw spatial
frequencies. That is, the modulation of the thidenef the material is too great to apply first-arderturbation theory.
Unfortunately, higher order scattering is much mdifficult to interpret, since the scattered fielsl no longer
proportional to the Fourier transform of the suefdeight function.

4.3.Laterally Offset Roughness

Another interesting case of roughness statistitisasof laterally offset roughness. In this caspattern is identical
(at least nominally) on the two surfaces, but fsetfby a distancAx. The phase correlation function would then be

Cy, =exp(iq [Ax). (19)

In order to produce a sample with this characieriste first lithographically etched a silicon stiage with parallel
lines, approximately 29 nm deep, and having nominidths varying from 1.5 um to 5.2 um with a psewasoom
spacing. Next, the patterned specimen was theynmadidized to a depth of about 270 nm. Finallysecond



lithography step was used to produce a 20 nm de#erp in the top interface. The second lithogyaptep was
performed using the same mask used to creatergig@éittern, except that an intentional 50 um offges imposed in a
direction perpendicular to the lines. Because ef tiearly conformal growth of the thermal oxide, tbp surface

contains features associated with both lithogragibpgs. A schematic of the sample is shown in Kig).
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Figure 5. Results of measurements and analysis on thallgteffset roughness layer on silicon. The intgnand
power spectrum results are shown with arbitrarysjrsince an absolute measurement of the incideensity was
not performed. The lines connect the data poimdisasie intended to guide the reader’s eye.

Data were collected in the plane of incidence ugiBg incident polarization and 633 nm light usin@.82° slit
collection aperture. Figure 5 shows the measuatd dlong with the calculated surface statistiogspite a relatively
featureless intensity profile, the polarizatiorntetaf the light oscillates between nearly orthodmtates. Extraction of
the surface statistics from the measured data wesnaplished assuming that the film thickness wak v and that
the pattern on the buried interface is replicatedh® exposed interface. That is, the two souusesl in the analysis
were

J,=J,+J, (20a)

J,=J, (20Db)

whereJ, is the Jones vector calculated for the exposedifatte, using Eq. (14), add is the Jones vector calculated for
the buried interface, using Eq. (7). The corretatfanction shows periodic oscillations, as predictey Eq. (19).
Indeed, a fit to Eq. (19) yields = 49.45 um, with a standard uncertainty of abod8@m, in good agreement with the
nominal offset of 5Qm.

However, there are inconsistencies in the data waatant discussion as they likely reduce the amuiof the
method as a means for overlay metrology. For edanfjig. 5 also shows oscillationspn which are not predicted by
the model. The value ¢f in the region where the oscillation amplitude im@imum, aboufx = 0.7, is roughly that
expected from our knowledge of the pit depths (2029 nm). These oscillations may be a result efithperfect
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replication of the buried interface onto the exgbsderface. As discovered in Sec. 4.1, the oxidevth process does
not provide an identical replication of the inteda, so Eq. (20a) is not completely correct. White do not have
sufficient information under these growth condisaim completely rule out replication effects, ttlsyrametry in the
oscillations inx suggest that the replication function is not thie smurce of this problem. It also may be thatfiime
thickness used in the calculations is incorreadekd, changing the mean film thickness from 27Gm&85 nm yields

a more symmetrig function. However, this solution to the problenmieat be correct, since using the thicker value and
changing the balance between the two Jones vettoEs). (20a) does not remove the oscillations inoasistent
manner.

It is most likely that the problem in interpretitige data in Fig. 5 is similar to that found for #rgticonformal film
described in Sec. 4.2. That is, the modulationthef thickness of the material is too great to appist-order
perturbation theory. The thickness of the filmward the conformal features remains relatively camtst However, the
features etched into the exposed interface rediecthickness of the film by about 20 nm. The @dtghase introduced
by this large height modulation is not treated iy theory.

5. SUMMARY AND CONCLUSIONS

In this paper, we reviewed models for polarizetitligcattering from interfacial roughness. In adaitiwe outlined

a method by which polarized light scattering measwnts can be used to determine the roughness tithinterfaces
of a dielectric film. While the method worked vesgll for a conformal film, it suffered from someoplems when the
analysis was extended to anticorrelated and ovedaghness. It is believed that the breakdowrefanalysis results
from the use of first order perturbation theoryconditions where the thickness of the film variethgtantially. These
issues suggest that the limits on first order veptrturbation theory for thin films is significantighter than those
imposed for single interfaces. It is expected, havethat the methods described in this paper wbelduitable for
characterizing naturally occurring thin films, whimost often exhibit gentler topographic features.
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